Abstract: In this paper we consider the problem of automatic control of oil production wells equipped with Electric Submersible Pumps (ESP). To facilitate robustness analysis of automatic control algorithms for such systems, a high fidelity simulator of ESP lifted well producing heavy viscous crude oil, has been developed. Model Predictive Control strategy proposed by the authors in an earlier publication has been tested on this simulator with the main focus on controller performance and robustness. The results demonstrated sufficient robustness of the controller with respect to system nonlinearities, variations in operating conditions, disturbances and measurement noise.
INTRODUCTION
Electrical Submersible Pump (ESP) in an oil producing well is an artificial lifting system that boosts production by providing additional pressure increase. ESP is a multistage centrifugal pump that is installed in a well several hundred meters below the surface (Fig 1) . ESP is one of the widely used artificial lift technologies in the world and a natural choice for heavy oil reservoirs, see Takacs (2009) and Golan and Whitson (1991) .
Currently, an ESP lifted well is operated by manually adjusting the ESP speed and the opening of the production choke at the top of the well. It can be a challenging task to find the optimal ESP speed and the production choke opening and maintain the operation within the operating limits. This becomes especially challenging in the presence of changing conditions and disturbances as described in Pavlov et al. (2014) . A need for more sophisticated control system over the existing automation solutions for ESPs is justified in that paper.
Model predictive control strategy has been suggested for control and optimisation of ESP lifted oil wells and was presented in Pavlov et al. (2014) . Similar work inspired by Statoil has been presented in Sharma and Glemmestad (2013) and Binder et al. (2014) . Verification of the controller presented in these papers was done using simple hydraulic models, which did not allow thorough robustness analysis of the controller. Therefore we need a high fidelity simulator that captures the necessary dynamics to test and analyse the robustness of the proposed control strategy.
The main contributions of this paper are a high fidelity simulator model of an ESP lifted well, pumping live heavy crude oil, presented in Section 3 and the robustness 
PROCESS DESCRIPTION AND PROBLEM FORMULATION

Process Overview
A schematic representation of an ESP lifted oil well is shown in Fig.1 . Reservoir fluids (oil, water, and possibly gas) enter the well through perforations, flow to the ESP, which then lifts the fluids to the production choke at top of the well (also known as wellhead choke). Downstream the choke, the fluid enters a production manifold, which is connected to the topside process facility. The production from each well is generally controlled using the ESP speed and the production choke. Some wells may have more than one reservoir inflow branch. In such wells, reservoir fluids enter from each branch and meet upstream the ESP. Each branch may also have an additional valve known as Inflow control valve (ICV) to control or isolate the flow from each branch. A list of commonly available measurements that can be used for control is given in Pavlov et al. (2014) .
The notations used in Fig.1 and in the subsequent equations are as follows: q r is the total volumetric flow entering the well from the reservoir. q ESP and q c are the volumetric flow rates of the fluid through the ESP and the choke respectively. p in,ESP and p dis,ESP are the ESP inlet and discharge pressure respectively. p r , p bh , p wh and p m are the reservoir, bottomhole, wellhead and manifold pressure respectively. The ESP rotational frequency is depicted by f and the wellhead choke opening is denoted by z c . L 1 and H 1 are the length and height of the pipe section upstream the ESP and L 2 and H 2 are the length and height of the pipe section downstream the ESP.
Process constraints
Production processes have a number of process and operating constraints that must be satisfied for safe operation and extension of the ESP and well lifetime. These include constraints on the ESP intake pressure, wellhead pressure, ESP current, ESP motor temperature, ESP speed and production choke etc. A detailed description of all the operating and process constraints for an ESP lifted well system is given in Pavlov et al. (2014) .
Additionally, the operation of an ESP is constrained by an operational envelope, usually specified in terms of maximum and minimum admissible flow rates through the ESP. These constraints, known as upthrust and downthrust constraints are enforced to avoid excessive unbalanced thrust forces in the upward and downward direction respectively and avoid mechanical wear. More information on these constraints can be found in Takacs (2009) . These constraints depend on both the ESP speed and the fluid viscosity and are expressed as:
where q ut 0 and q dt 0 are the upthrust and downthrust constraint on flow at reference conditions (at frequency f 0 and 1cP viscosity). These are corrected for the actual fluid viscosity using the viscosity correction factor for flow c q (µ) and scaled to any arbitrary frequency f using the affinity laws, see Takacs (2009) .
Control and Optimisation Targets
Since the drawdown from the reservoir is directly associated with the ESP intake pressure as in (11), controlling the ESP intake pressure to a desired setpoint gives direct control over the drawdown from the reservoir. At the same time, we would like to achieve this control target by keeping the production choke as open as possible to reduce energy losses across the choke.
Other control/optimisation targets can be formulated depending on the specific application.
DYNAMIC MODEL OF ESP LIFTED WELL
A simple dynamic model with two control volumes, average pump model and homogenous fluid under isothermal condition was presented in Pavlov et al. (2014) . Although such a simple model was suitable for controller design, a more advanced model is required to test and verify the robustness of the control system in representative conditions. Hence a high fidelity simulator was developed using Modelica, see DassaultSystemes (2005) .
The model consists of an oil well with many small control volumes, multistage ESP model, and live viscous crude oil. The different components that make up the model are as follows: live viscous fluid (with associated gas and water), reservoir inflow, ESP, ESP motor, production pipe and the choke. In this model, we assume no free gas enters the well from the reservoir. The simulator is modelled with the assumption that no mass or energy is stored in the system. The various components of the model are described in detail in the following sections.
Fluid Model
Heavy viscous crude oil with associated gas and water is modelled capturing various PVT and thermodynamic properties such as viscosity and density as a function of pressure and temperature in each control volume. The viscosity for each phase µ oil and µ water is given by (3). Mixing oil and water forms emulsions and the emulsion viscosity is given by Brinkmans correlation which depends on the watercut WC (2), see Brinkman (1949) . The OilWater mixture viscosity follows Water in Oil emulsions (4) up to a certain watercut, known as the inversion watercut and thereon follows Oil in Water emulsions (5). The inversion watercut depends on the shear forces acting between the oil and water phases and generally occur between 30% and 50% watercut. For simplicity reasons, a fixed inversion watercut of 40% is chosen in this simulator.
(5) where, µ std is the viscosity of the phase at standard reference pressure p std and temperature T std . The thermal and pressure coefficients c ∆T and c ∆p are tuned using laboratory test data for each phase.
The density for oil and water is given by (6), see EngineeringToolbox (2005) . The gas density is computed from ideal gas law equation as shown in (7). The mixture density is computed using the slip corrected mass fractions for each phase X oil , X water and X gas as shown in (8)
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The oil that enters the well from the reservoir contains dissolved gas. Part of the dissolved gas, (also known as associated gas) is released below the bubble point. In other words, the amount of oil that enters the well from the reservoir X oil,r evolves into a mixture of oil and gas, denoted by the mass fractions X oil and X Gas respectively (9). The amount of associated gas X gas that is released from the oil phase depends on both the pressure and temperature at any given point (10). This is modelled by a factor γ(p, T ) known as flash factor, which determines how much gas is released based on the pressure and temperature at any given point. The parameters for the flash factor model are tuned using laboratory test data for any given crude oil.
X oil,r = X gas + X oil (9)
Reservoir Inflow Model
The inflow from the reservoir directly depends on the pressure difference between the reservoir p r and the wellbore p bh , known as inflow performance relationship, as shown in (11),see Golan and Whitson (1991) 
where J is known as the productivity index. In addition, the reservoir inflow model is also specified with the watercut W C, which determines how much of the reservoir inflow q r contains oil and water as shown in (2).
Some wells may have more than one inflow branch producing reservoir fluids from different areas. In such cases, each branch is specified with a productivity index and watercut value.
Multistage ESP model
As mentioned earlier, ESP is a multistage centrifugal pump which boosts the pressure of the fluids and lifts it to the surface. This pressure boost provided by each stage is quantified in terms of the head generated (12).
The dynamic multistage ESP with n stages is modelled by splitting the ESP into n control volumes. Each ESP stage is characterised by the Head generated and the Brake Horsepower it consumes. The head generated and the power consumed by the ESP stage at a given frequency and flow rate is given by (13) and (14), see Pavlov et al. (2014) and Beall et al. (2011) (14) where, H 0 (q 0 ) and P 0 (q 0 ) are, respectively, the ESP head and power corresponding to pumping water (viscosity = 1cP ) at standard reference frequency f 0 and flow rate q 0 . These functions are generally provided by the ESP manufacturers. c q , c H and c P are the viscosity correction factors for flow, head and power respectively, which are computed using laboratory test data as described in Beall et al. (2011) . The transformation of the flow, head and power between reference frequency and any arbitrary frequency f is given by affinity laws, see Takacs (2009) . We assume that the associated gas released from the oil is small enough that the equations (12)- (14) are still valid. The total pressure boost generated by the pump is the sum of the pressure boost generated by each stage. Similarly, the total power consumed by the pump is the sum of the power consumed by each stage.
ESP Motor Model
The ESP motor, which drives the pump, is usually placed upstream the pump. The electrical power consumed by the motor P motor is computed from the ESP Brake Horsepower P ESP and the motor efficiency η motor which is assumed to be a constant. The current consumed by the ESP motor is then computed from the electrical power consumed by the motor P motor and the motor nameplate voltage V motor (15).
The motor is cooled by the reservoir fluids that flow around it, thus increasing the temperature of the fluid. The effect of heat exchange between the motor surface and the fluid is modelled under the assumption that any electrical power not converted to ESP Brake Horsepower, is converted to heat Q (16). Part of this heat is transferred to the reservoir fluids flowing around the motor denoted by Q f luid , thus increasing the fluid temperature T f luid (17) . The residual heat is used to increase the motor core temperature T motor described by an ordinary differential equation (18).
where, k htc is the heat transfer coefficient between the fluid and the motor and cp motor is the heat capacity of the motor core winding, see Cengel et al. (2011) .
Pipe Flow Model
The production pipe both upstream and downstream the ESP is modelled as straight pipe segments with circular cross-section. The wells may be deviated and this is modelled by specifying the length and vertical height for the pipe section upstream and downstream the ESP as shown in Fig.1 . The pipe model is split into a user defined number of control volumes. At each control volume, the flow through pipe is modelled as viscous flow in ducts for both laminar and turbulent flow as described in White (2011) .
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The pressure and the flow dynamics in the pipe can be modelled by mass and momentum balances represented by the partial differential equations (19) and (20) respectively. For a one dimensional flow along the co-ordinate x, the pressure p(x, t) and the mass flow rateṁ(x, t) = Av is given by:
where, A(x) is the cross-sectional area of the pipe, ρ(x, t) is the fluid mixture density, v(x, t) is the fluid velocity, F is the frictional pressure loss per unit length and h(x) is the vertical distance from the surface to the location x. The partial differential equations are discretised and solved by finite volume method.
Choke model
Flow through the choke, q c is modelled as a flow through a restriction as shown in (21), see IEC (2011)
where ρ mix,c is the fluid mixture density at wellhead condition and G(z c ) is the choke characteristic that describes the relation between the choke opening percentage z c and area of the opening.
MPC RESULTS
As described in section 2, the control problem consists of setpoint target, optimisation goals and constraints. MPC is a well proven control strategy for such processes. The controller in this study was developed using Statoil inhouse MPC tool known as SEPTIC (Statoil Estimation and Prediction Tool for Identification and Control). SEP-TIC is a field proven software tool. More details about SEPTIC can be found in Strand and Sagli (2003) 
Controller Configuration
As mentioned in Section 2, the production from the well is controlled using the ESP speed and the production choke, which are called Manipulated Variables (MVs).
With the two DOF, two control objectives are chosen, namely, setpoint tracking of ESP intake pressure and minimization of the power consumption. The latter target was realized implicitly by means of keeping the production choke as open as possible. This would minimise the energy losses across the choke and hence reduce the load on ESP, see Takacs (2011) . This was implemented by setting an ideal resting value on the choke to 100% open. Deviation from the MV ideal values was then penalised along with the deviation from the setpoint on Controlled Variables (CV) and MV moves in the quadratic objective function as shown in (22), see Maciejowski (2002) and Strand and Sagli (2003) . Input and state constraints as described in Pavlov et al. (2014) are also included.
where u dev is the deviation from the MV ideal value, y dev is the deviation from the CV setpoint, ∆u is the MV move. Constraints on the CVs (25) were implemented as soft constraints using slack variables. MV rate of change limits (24) are always respected, as are MV high and low limits (23) unless there is a conflict with the rate of change limit, Strand and Sagli (2003) . The constraints are prioritised over the setpoint, followed by the ideal value. The list of constraints is described in detail in Pavlov et al. (2014) . The weights Q y , Q u and P were tuned using the simulator to give desired controller performance.
Model Identification
The dynamic model in (26) is experimentally set up based on responses of the CVs to step changes in the MVs. Using the simulator model to generate data, step changes are made in the MVs and the corresponding change in the CVs were recorded. The recorded step response was then used to generate the empirical model for each input/output pair using linear SISO, finite impulse response (FIR) or Auto Regressive (ARX) methods. More details on identification and tuning can be found in Strand and Sagli (2003) .
Controller Robustness
In our study, the wells have a low watercut initially, hence the empirical models are identified for low watercut region. Over time, the well starts to produce more water. This means the fluid mixture viscosity changes according to Brinkmans model as shown in (4)- (5). Additionally, less oil in the system means less associated gas that is released which reduces the compressibility of the fluid. The viscosity and the compressibility changes affect the models and the controller needs to be sufficiently robust to manage these changes.
Additionally, the choke operation is generally not linear (21). The response from the choke greatly depends on the operating region of the choke. Therefore the models from the choke to the CVs depend on the choke operating region.
The step response models obtained at six different operating conditions namely, three different choke positions (40%, 60% & 90%) at low watercut (5%) and high watercut (80%) are shown in (Fig. 2) .
As seen from the figure, the models from the choke greatly depend on the choke operating region due to the choke nonlinearities. The effect of choke is more pronounced at 40% than at 60% and 90% respectively. The models between the low watercut and high water cut do not vary significantly.
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Fig. 2. Identified
Step Response Models. OC corresponds to Oil-Continuous flow at low watercut (red curves) and WC corresponds to water-continuous flow at high watercut (blue curves)
Due to operating restrictions, we may not be able to identify the models at different operating regions or dependable measurements of the scheduling variables such as watercut may not be available. Hence model scheduling may not always be an option during the implementation of the controller. The models should therefore be identified in such a way that the controller is robust enough over the entire operating region. From a robustness point of view, it may be wise to identify the models at low choke opening, since the models have a high gain. This is the simplest form of a robust controller as described inÅström (1980) . At operating regions with lower gains, the high gain controller will still be able to achieve its target using feedback at the cost of performance. However, due to the optimisation goal of maximising the choke opening, our desired operating region is close to 100%. It may then be more relevant to identify the model at this operating region since we intend to operate the choke at higher operating regions (low gain). It is then a trade-off between the accuracy at the desired operating region and the robustness of the controller over the entire operating region.
In order to test the controller performance in the presence of noise, white noise was added to the measurements to emulate real sensors and test the controller performance against measurement noise. 4.4 Simulation Results A number of scenarios representing realistic operating conditions such as change in control targets, effect of disturbances, changes in the reservoir fluid properties etc. were tested using the simulator. For all the simulations, the model identified at low watercut (5%) and 60% choke opening was fixed. Based on the dynamics of the system, a sampling time of 10s was chosen.
In the first scenario, the objective of the test is to satisfy the constraints and the control targets in the presence of disturbances. The control targets are to maintain the ESP intake pressure at a specified setpoint (p sp in = 90bar) and maximise the production choke opening. The disturbance in this test arises in the form of disturbance in the manifold pressure, which could potentially lead to violation of some constraints.
The test starts at steady state with a constant watercut of 5%. The intake pressure is maintained at the specified setpoint of 90bar and the choke fully open at 100%. The manifold pressure increases by 5 bar and the controller responds to this disturbance by increasing the ESP speed to maintain the ESP intake pressure at its setpoint. The increase in speed has caused the ESP motor current to increase and is very close to its high limit. The manifold pressure increases further by 5bar, which could potentially lead to violation of the current high limit. Since the constraints take higher precedence than the setpoint target, the controller adjusts the ESP frequency such that the current does not violate its constraint at the cost of deviating from the ESP intake pressure setpoint. The manifold pressure then drops by 15 bar, which causes the ESP intake pressure to decrease and the flow rate to increase, which could potentially violate the upthrust constraint on flow. The controller decreases the ESP speed to reduce the flow rate and increase the intake pressure. This is further assisted by closing the production choke for a brief period before opening back to 100%. This is done to satisfy the constraints and the setpoint target. This test scenario clearly demonstrates the ability of the controller to handle unmeasured disturbances and avoid constraint violations. In the second scenario, the performance of the controller is tested in the presence of changing watercut from the reservoir. When the watercut from the reservoir changes, the viscosity of the fluid inside the well changes due to the oil-water emulsions. As mentioned in section 3, for watercut until the inversion watercut, the fluid viscosity follows Water in Oil emulsion viscosity (4). In this region the mixture viscosity can increase exponentially by 5-10 times larger than the oil viscosity. At the inversion point, the emulsion viscosity suddenly inverts to Oil in Water emulsions (5), where the mixture viscosity is close to water viscosity. This sudden and drastic change in fluid viscosity can affect the system and can potentially violate one or more constraints. The test starts at steady state condition with watercut at 5%. As the watercut gradually increases, the fluid mixture viscosity increases. The controller responds to the increase in viscosity by increasing the ESP speed to maintain the ESP intake pressure at its target setpoint of 90bar. At the inversion watercut (40%), the flow regime inverts and the viscosity drops suddenly from almost 400cP to 1cP. This drastic change in the viscosity causes the ESP intake pressure to drop. The controller responds immediately by decreasing the ESP speed and closing the production choke to maintain the ESP intake pressure at its setpoint. Once the ESP intake pressure reaches its setpoint, the production choke is fully opened to 100% to minimise the power loss across the choke. Simulation results in Test scenario 2 shows that the controller can handle such drastic changes and is robust enough to achieve its control targets as the watercut increases. It is worth noting that the changes in watercut simulated here are much faster than in reality. This shows that the controller can perform satisfactorily even during such fast changes in watercut.
CONCLUSIONS
We presented a high fidelity simulator model of an ESP lifted that captures the important dynamics, interactions and transients that are necessary for testing and evaluation of the control system. We presented the test results of the proposed controller on this simulator. The results show that the controller is robust w.r.t. water cut and the choke operating region with no free gas entering from the reservoir.
